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Introduction
Vacuum electrical breakdown is an important performance limitation in high-gradient (in the range of 100 MV/m) accelerating structures such as those used in the CLIC study as well as other high-gradient applications such as CompactLight [1] [2] [3] [4] . The time required to condition the accelerating structures, that is to bring them up to full operating gradient and pulse length, as well as their ultimate performance, is to a large extent determined by the probability of vacuum RF breakdowns. It is consequently important to find design and fabrication methods to minimise the breakdown probability and improve the performance of the accelerator.
High-gradient studies have been carried out in the context of the development of linear colliders, most extensively in recent years at CERN for the CLIC study. Tests have been made with accelerating structures with different geometries, fabrication techniques and operational algorithms [5] [6] [7] [8] [9] [10] . As a complement to these RF tests, pulsed DC systems have been built for dedicated breakdown studies [11] [12] [13] [14] . The objective of the systems is to be able to carry out high-gradient and breakdown experiments in conditions similar to the RF tests, for example with pulsed fields, but in a simplified experimental setup. The pulsed DC systems have a simple planar electrode geometry, which significantly reduces the cost of individual tests compared to RF accelerating structures, and the system can be pulsed with a higher repetition rate, up to 6 kHz for reduced testing time. The shortest pulse length of the pulsed DC system is 500 ns which is in the range of the RF tests, and can be extended to 100 ms. Operational algorithms, which determine how the system recovers from breakdown and how to perform surface conditioning for example, are similar to the RF test stands. Numerous measurements have shown that the overall behaviour of breakdowns in DC and RF systems are similar [13] [14] [15] and that many insights obtained in the pulsed DC system can be carried over to the RF tests [16] [17] [18] .
A vacuum electrical breakdown is characterised by a sudden voltage collapse, with exchange of charge, between two electrodes subject to a high electric field, and is accompanied by large plasma currents, light emitted from atomic excitation. The process leads to surface features and crater creation. In the RF systems, methods have been developed to determine the longitudinal position of the breakdowns along the structure through the relative timing of features, as well as phases, in the incident, transmitted and reflected RF signals. Those techniques have approximately a few mm precision which is sufficient to localise the breakdown with 1-2 cell resolution [19] [20] [21] . Until now, it has not been possible to determine the position of the breakdown in the pulsed DC systems at CERN on a breakdown-by-breakdown basis in an analogous way from the current and voltage signals, since breakdowns anywhere on the electrode surfaces affect the signals in the same way. An additional method is thus needed, and a system of cameras that triangulate the light emitted from a breakdown event has been developed for this purpose. The triangulation method in fact results in a far more precise measurement of the breakdown location than in the case of the RF. This system, its capabilities and the initial results are described in this paper.
Experimental setup of the pulsed DC system
The first DC pulsed system at CERN has been developed in 2004 [11] [12] [13] . Currently the setup consists of three major components: the vacuum chamber, the pulsed High-Voltage (HV) generator, and the Data Acquisition (DAQ) system, which are discussed in detail in the following sections.
Vacuum chamber
The vacuum chamber of the pulsed DC system contains two round flat electrodes, both with a surface of 40 mm diameter ( Fig. 1 ), therefore called Large Electrodes System (LES). The LES has a 14 cm external and a 8.5 cm internal diameter, the latter which limits the size of samples. The electrodes are machined with the same high geometrical accuracy as the CLIC accelerating structures (25 nm roughness), and are separated by a precision-ground ceramic ring, which provides the needed gap between them, typically from 20 to 100 micrometres with a tolerance of a few micrometres. As both electrodes are planar and the gap distance is small compared to the diameter of their surface, they can be considered like a parallel plate capacitor. High voltage with positive polarity is applied to one of the electrodes (the anode), while the second one is grounded (the cathode). The surface electrical field is estimated as:
where is the applied voltage and is gap distance. Since the diameter of the electrodes is much larger than the distance between them, the electric field is uniform on the electrode surface except along the outer edge, where the electric field is enhanced [22] [23] [24] . The vacuum chamber is equipped with four viewports of 16 mm diameter with borosilicate glass windows. They give straight line of sight to the electrodes and the gap between them, therefore the light generated during the breakdown can be captured, for example, by cameras placed outside the vacuum chamber directly at the view ports.
A turbo-molecular pumping station is used to achieve a base vacuum level in the range of 10 −9 mbar. A cold-cathode vacuum gauge records the pressure during the tests in the LES.
High-voltage generator
A pulsed high-voltage generator is used to apply a voltage to the electrodes, and consequently an electric field in the gap between the electrodes [25] . An Energy Pulse Systems EPULSUS-FPM1-10 unit based on a Marx circuit (simply called Marx generator in the following) generates a high-voltage pulse from a low-voltage DC power supply [26] . The Marx generator designed for the LES can deliver up to 10 kV and 50 A pulses with adjustable square-shaped width in a range from 500 ns to 100 ms. The repetition rate of high-voltage pulses can be controlled and set up to 6 kHz.
Data acquisition and control system
The HV generator, oscilloscope, vacuum gauge and cameras (see Section 3) have separated control and acquisition software developed in Labview.
For measuring the current during the pulses a current transformer sensor (Bergoz CT-D0.5-B) is used. A HV probe (PMK, PHV-1000) connected to the output of the Marx generator gives information about the voltage, and from this is calculated. The oscilloscope (Lecroy 104 MXi-A) records these voltage and current signals. The schematic in Fig. 2 illustrates how the high-voltage Marx generator is connected to the vacuum chamber and where voltage and current are measured.
Typical current and voltage waveforms for non-breakdown and breakdown cases are shown in Fig. 3 . A positive displacement current flows into the electrodes at the beginning of the pulse while charging, and a negative current occurs at the end of the pulse when the electrodes discharge, if no breakdown happens ( Fig. 3a ). If a breakdown occurs, the current, flowing between the electrodes, increases rapidly to several 10's of Amps ( Fig. 3b ) and usually it is higher than the charging peak of the displacement current. This current peak is used for breakdown detection. In addition, the voltage across the electrodes drops to almost to zero during breakdown. The Marx generator is able to maintain the breakdown current between the electrodes for a certain programmable time, set to 600 ns for these experiments (see Fig. 3b ). It mimics the behaviour of the power source in the high power RF tests, which always continues its pulse to the end, even in the case of breakdown.
A Pfeiffer Vacuum Dual Gauge monitors the pressure during the high-voltage pulsing. Typically an increase in pressure up to the 10 −7 mbar range is observed in correspondence of a breakdown event, thus the vacuum gauge can also be used for breakdown detection.
Operational modes
There are two main operational modes used for testing with the LES, flat and feedback, and these are defined in the Marx generator control software. In the software, parameters that can be set include voltage, pulse width, and repetition rate.
During flat mode, HV pulses with fixed amplitude are applied from the HV generator. The voltage is usually chosen to have a breakdown rate (BDR) in the range 10 −5 − 10 −8 breakdowns per pulse. The BDR is calculated using an exponentially weighted moving average over a 1 million pulses. After a breakdown, pulsing is stopped for 10 s and restarts from 1/5 of the breakdown voltage, and increases every 100 pulses according to a negative exponential function, until the initial fixed voltage is reached or a breakdown occurs. On average, around 20 steps are require for the voltage to reach the set value. This part of the algorithm (so-called recovering after breakdown) was implemented to reduce the effect of surface damage in the case of subsequent breakdowns [27, 28] .
The feedback mode is similar to the algorithm currently used in the X-band test facilities at CERN [21, 29] for conditioning experiments. The voltage is controlled in an analogous way in the case of the pulsed DC electrode system, as the input power is controlled in the RF case [17, 30] . Pulsing is started with a chosen voltage and continues until either a breakdown happens or a certain number of pulses ( ) have been applied for this iteration. If no breakdown happens, the voltage is increased by an amount ( = 10 V for 60 μm gap case) for the next iteration of pulses. If a breakdown happens, the voltage is reduced to 1/5 of the breakdown voltage ( ) and then increases asymptotically. The voltage reached after breakdown is chosen depending on whether the breakdown is before or after number of pulses. If after (i.e. > ) the voltage increases to , else if it is less (i.e. < ) than the voltage is calculated as −(1− ∕ ) . There is also a limit for the maximum breakdown rate given as , this is usually set to 1 × 10 −5 breakdowns per pulse. The voltage cannot increase if > . During conditioning experiments, the following parameters were used: = 20 000, = 100 000, = 0.17 MV/m × , where is the gap distance between the electrodes (see Eq. (1)).
All results presented in this paper were taken with 1 μs pulse width and 2 kHz repetition rate.
Breakdown localisation technique
The localisation technique is based on detecting light emitted during breakdowns with two orthogonal cameras attached to the viewports of the LES (Fig. 1 ) and triangulating to determine where and when each breakdown occurred on a pulse-by-pulse basis. The exact sequencing of breakdown locations allows any specific features of breakdown craters to be addressed and correlated during post-mortem microscopic analysis. The cameras are also useful for determining if some breakdowns produce light but are not identified by an electrical signal, and vice versa. This capability is particularly important when correlated with post-mortem microscopic images of the surfaces.
The light emitted during breakdown is monitored through two camera obscura attached to two view ports at an angle of 90 • (Fig. 4) . A vertical slit perpendicular to the electrode surface is located directly behind each viewport. The light generated by the breakdown can be considered as a point source of light in relation to the distance and to the size of the slit. The high accuracy machined electrodes also act as parallel optical mirror with a surface flatness below 1 μm. Therefore the spot of light detected on the CCD camera array, generated by a breakdown, will be in a straight line with the slit and the breakdown position. This type of optical scheme avoids problems with the depth of field and with different type of optical aberrations that are typical for cameras with lenses.
To minimise the line width imaged on the CCD cameras coming from the light of the breakdown, a slit width of 100 μm was found to be the optimum trade-off compatible with sufficient light intensity. The CCD camera array has a horizontal size W = 11.3 mm and consists of 1920 pixels, which means that the actual image position of the breakdown at the CCD is determined by the expression: where 1 and 2 are the pixel index number of the maximum illumination of the breakdown on respectively camera 1 and camera 2, being the size of 1 pixel of the camera (i.e. = ∕1920 ≈ 5.9 μm).
From simple geometric ratios we have:
where is the distance from the slit to the CCD array (23.1 mm) and is the distance from the cathode to the slit (89.6 mm).
To get the coordinates of the breakdown position:
Since the pixels of the CCD cameras have a finite size, breakdowns from nearby points on the electrodes can be detected by the same pixel. This means that such detection has a spatial accuracy limited by the dimension of one pixel. This theoretical limit depends also on the distance of the breakdown to the camera and is about 9 μm on the closer edge of the electrode and about 14 μm on the farthest edge of the electrode for both axes.
The cameras are controlled asynchronously with the Marx generator by repeating the following three steps in a loop:
Step 1: the shutter of the camera is opened.
Step 2: for 3 s the cameras work in accumulation mode.
Step 3: the shutter is closed and the data is read from the sensors of the camera's array and transferred to the computer.
Taking into account the background illumination of the cameras, the software analyses the data and determines whether a breakdown occurred between the electrodes during step 2. If there was a breakdown, the positions 1 and 2 of the maximum illumination of the cameras are determined and the and positions of the breakdown is calculated by Eq. (4). Also the integral intensity of the discharge arc image is recorded for each camera. In addition a grey scale image file is saved for each detected breakdown.
Step 3 lasts about 10 ms at which time the shutters are closed. This means a duty cycle of 99.7% and thus 0.3% of data (either breakdown or non-breakdown images) are lost by each camera systematically. Data recording could be improved by synchronous triggering of the Marx generator and the cameras.
There are three primary scenarios for images on the cameras following breakdown detection:
Each camera registered one light line -Regular breakdown
detection -in this case the and positions are known and the position at the electrode's surface can be calculated.
Light is detected only by one camera -Single camera detection
-in this case only the line/vector where breakdown occurred can be determined. Possible reasons for the lack of an image on the second camera are typically a too low light intensity (for example a breakdown at low voltages), position of the breakdown at the edge of the electrodes far from the camera, not exactly simultaneously opening and/or closing of the shutters, or a combination of these reasons. 3. At least one camera detects more than one line of light -Multiple breakdown images -several breakdowns happened during the accumulation mode (step 2). This could be due either to real simultaneous breakdowns in several different places between the electrodes, or to breakdowns occurring on different high voltage pulses during a period less than 3 s and recorded by cameras as one image. Exact position of breakdown cannot be calculated. In this case it is not possible to unambiguously assign positions.
It is sometimes possible to complement the camera images with postmortem microscopic analysis and resolve ambiguities in scenarios 2 and 3. 
Results

Cross-check of breakdown detection methods
The breakdown localisation technique complements the existing methods of breakdown detection such as the rise of the current during breakdown, used by both the Marx generator and the oscilloscope. This also helps to cross-check the reliability of each data source. Also the rise in pressure monitored by the vacuum gauge controller is used for this reliability check. Based on the experience taken during several months of use of the cameras, information about possible failure modes of the LES was collected and is shown in Table 1 . In all cases, breakdown detection by the cameras using the emitted light is the most reliable method. For finding the source of a failure, information from the other three detection methods should be taken to account.
Numeric accuracy of breakdown detection by cameras
The correlation between the different methods of breakdown detection (using the Marx generator, the oscilloscope and the cameras) has been estimated using data from experiments with several gaps between the electrodes and is presented in Table 2 . Breakdown detection using pressure spikes is not presented in this section because of the lack of enough data, as the vacuum gauge was added to the DAQ system only at a later stage. A breakdown is added to the Total number column if it is detected at least by one method.
The data from the Marx generator, the oscilloscope and the cameras are associated using time stamps from the recorded data files, that are saved separately for each source. If the time stamps from different sources of a candidate breakdown are within a range of 3 s, it is counted as the same event. A pause of 10 s for the HV pulsing after breakdown (as detected by the Marx generator), implemented for reducing of the background noise in the breakdown localisation system, helps separating the events during data analysis. If one of the method fails to detect the event, it will still be counted, but the full data will not be available. For instance, if a breakdown is not registered by the oscilloscope, the traces of voltage will not be recorded.
The cameras show a good breakdown detection (more than 86% of events recorded by at least one camera). The percentage of regular breakdown detection (see Section 3) is lower with the smaller gap, thus during the test with the 20 μm gap the XY positions of only 43% of the breakdowns were found, while overall detecting 86% of the events. A too low intensity on the CCD leads to these missed breakdowns and it is probably due to poor light propagation in the smaller gap. In all other experiments with a larger gap the XY coordinates could be determined for more than 90% of events, with a breakdown detection in excess of ∼ 96% of the total events. All three methods show a good agreement. Even though the Marx generator and the oscilloscope use the same principle of detecting breakdowns (current rise between the electrodes), the number of events recorded by each of them is different. The Marx generator fails when the breakdown occurs at the end of a pulse and the electronics no longer has time to react. Detection errors by the oscilloscope most often happen due to loss of communication with the computer.
Spatial accuracy of breakdown localisation technique
Before and after high-voltage testing the electrodes are examined under a Zeiss Axio Imager optical microscope. The image before the tests gives information on any specific features or defects on the electrodes surface that might locally induce breakdowns. A post-mortem microscopic image of the full surface is used to measure the spatial breakdown distribution on the surface, in order to overlay it with the data taken from the cameras. The XY array of the breakdown positions taken with the cameras are hereinafter named localisation map.
To perform such an overlay the following affine transformations must be applied to the coordinates of all breakdowns on the localisation map:
• Reflection with 0 = −1 for the bottom electrode, or identity 0 = 1 for the top electrode;
• Rotation by the angle 0 ;
• Scaling with the factor 0 ;
• Translation along the X and Y axes, with factors and respectively.
Since it is not possible to accurately and unambiguously adjust the relative position of anode and cathode in the chamber, the transformation factors ( 0 , 0 , 0 , , ) must be calculated after each experiment. It also important to know the transformation factors between the breakdown localisation map and the image of the pristine electrodes, in order to be able to trace the possible effect of any surface features on the breakdowns initiation.
To calculate the transformation factors, we can select some reference breakdowns on the localisation map and overlay them on the corresponding reference craters in the microscopic image using the algorithm from Appendix.
A number of error sources must be considered, the main one being that the microscopic image consists of a matrix of stitched individual images of different parts of the electrodes. Such a composite image contains distortions. Another important source of error comes from the geometrical positioning of the cameras, in particular the uncertainty on the distances a and b (see Fig. 4 ) for both cameras. Therefore, the overlay using the factors obtained by the method described in Appendix may have a different accuracy in different parts of the electrode image. To have better results, 15-30 reference craters located across the entire electrode surface could be used for overlaying. We demonstrate the method described above for a data set from a test with a given electrodes pair, and calculate the spatial accuracy for about 600 craters distributed evenly on the electrodes surface. Applying the algorithm using 16 reference craters for calculating the transformation factors, the accuracy of the breakdown localisation technique was estimated by analysing the difference of the breakdown coordinates on the localisation map and the craters on the microscopic image. The result of overlapping the breakdown localisation map and post-mortem microscopic image is shown in Fig. 5 .
The mean deviation between the XY positioning from cameras and the centre of the corresponding crater on the microscopic images is ±17 μm, less than the observed typical diameter of the breakdown craters (65-230 μm).
Application
The camera-based localisation technique combined with the microscopic images can be used to address many important questions related to breakdown. It is possible to unambiguously determine when during operation a breakdown occurred, addressing for example the question of the effect of surface features on breakdowns occurring during conditioning compared to flat mode running. The camera system also gives the sequence of breakdown positions, allowing comparison with RF structures, which show evidence of a statistical pattern of breakdowns occurring in the same location as a previous breakdown distinct from the pattern of those which occur in new locations [9, 19, 20] . The use of the camera system to address questions such as how a breakdown can become a nucleation site for subsequent breakdowns, how the breakdowns are distributed over the surface and how this distribution evolves with time are elaborated in the following. These important questions are not definitively answered in this article, the objective is limited to showing how the system can be used to address them. The full potential of the system will emerge with further use.
Breakdowns clustering
The spatial distribution of the breakdowns can give insight into the state of the electrodes surfaces during the experiment. A so-called hot cell is sometimes observed in RF tests. These are localised areas with concentrated breakdown activity and can lead to a self-amplifying surface degradation. The camera-based breakdown localisation technique can be used to determine during operation if and where similar hot spots form (Figs. 6a and 6b). One probable explanation for this phenomenon is that features of the breakdown spots act as locations of enhanced field emission preferentially nucleating breakdowns on subsequent pulses (see next section).
Spatial and temporal correlation between breakdowns
The relative tendency for breakdowns to occur in the same location, as opposed to a new location, was investigated using data from experiment done in the flat mode. The spatial distribution data for consecutive breakdowns is shown in Fig. 7. Fig. 7a shows the distribution for the full diameter of the surface, while Fig. 7b is a magnification of the previous histogram in the interval where breakdowns happen no further than 1 mm apart from the previous. There is a maximum close to 100 μm distance. During post-mortem analysis it was found that the common size of craters that appear after a breakdown is in the range of 65-230 μm, the maximum on the histogram could then be explained by the preferential creation of breakdown sites at the craters rim [13, 16, 27, 28] . An example of a breakdown crater occurred in the pulsed DC system is shown in Fig. 8 at different magnifications. The microscopic image with high magnification (Fig. 8b) allows to see two breakdown centres. 
Evolution of breakdown distribution
The cameras also give the evolution of preferential locations of the breakdown during the test. Fig. 9 shows the change in the spatial distribution of the first 4000 breakdowns. The data are split into four parts, of 1000 breakdowns each. Initially breakdowns are spread on the total surface ( Fig. 9a-c) . The next breakdowns (2001-4000) occur mostly on the edge of electrodes (Fig. 9a-c) . The initial distribution is more uniform possibly because early conditioning is ''cleaning'' extrinsic features which are spread evenly across the electrode surface. Once these features have been conditioned away, the breakdowns concentrate in an area of enhanced electric field at the electrode edge [22] [23] [24] . The observation has led to further optimisation of the electrode edge geometry, which will be discussed in future publications. Fig. 9d shows that the histogram shapes evolve from almost flat to the shape already presented and explained in Section 5.2. 
Conclusions
A method for detecting and localising breakdowns on a breakdownby-breakdown basis using triangulation of the emitted light in a pulsed DC system has been developed. Such breakdown localisation technique gives a good agreement (over 90%) with breakdown detection by the Marx generator and the oscilloscope. The spatial accuracy (±17 μm) of the method allows to localise the crater position for most breakdown events and to determine the conditions of the event, such as voltage, distance from previous breakdown, number of pulses after previous breakdown, etc.
These technique and analysis tools will now be used to extend the knowledge about the electrical breakdown phenomena, the effect of material properties on the breakdown initiation (for instance, the effect of the copper grain size on the distance between breakdowns), and the effect of surface electric field on the size of the breakdown crater. Additional information from the cameras will help to connect previous results [5, 16] from statistical studies of breakdowns distribution. The preliminary study presented in this paper already shows a good correlation between so-called primary and follow-up breakdowns, and the distances between them.
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Appendix. Transformation factors calculation
